The usefulness of thallium-201 myocardial imaging in assessing right ventricular (RV) overloading was evaluated and compared with the electrocardiographic and hemodynamic measurements. Multiple unprocessed photoscans were obtained using a gamma camera in 47 patients who had chronic RV overload, including 28 subjects with pressure overload, 14 with volume overload and five with pressure and volume overload.
THALLIUM-201 myocardial imaging is known to be useful for evaluating right ventricular (RV) overload.'-' The distribution of thallium-201 in the myocardium is proportional to the coronary blood flow, and enhanced coronary flow to the right ventricle results in intensified perfusion of thallium-201 in the RV myocardium. Thus, the RV free wall is visible in the myocardial image, which is rarely visualized in normal subjects at rest. 3 8 In this study we evaluated the usefulness of thallium-201 myocardial imaging in the noninvasive detection of RV pressure or volume overloading.
Materials and Methods
Comparative studies of myocardial imaging, standard 12-lead ECG recording and hemodynamic data were performed in 47 patients with chronic RV overload, including 28 with pressure overload, 14 with volume overload and five with both pressure and volume overload. Five patients with normal hemodynamics were selected as the control subjects (table 1). The cardiac catheterization for the evaluation of RV overload was performed within 24 hours after the myocardial imaging and ECG recording. One patient with a heart rate greater than 100 beats/min was excluded.
For the myocardial imaging a Toshiba GCA-202 gamma camera with a low-energy, high-resolution, parallel-hole collimator was used. Images were taken 10 minutes after 2 mCi of thallium-201 was injected intravenously. Scintigrams were taken from the anterior view, the left anterior oblique (LAO) view at 300, 450 and 60°, and the left lateral view. The energy and window width was set at 500,000 counts. Analog images were obtained with Polaroid films and a Toshiba microdot imager without additional enhancement or computer processing.
Unprocessed photoscans were read by two of the authors who did not know the clinical data. The visualization of the RV free wall was evaluated in accordance with Cohen's criteria: the radioisotope (RI) activity visible in the RV free wall was compared with that of the left ventricular (LV) free wall on the basis of the myocardial imaging from 450, and graded into four groups.' A minus sign (-) indicated that visualization of the RV free wall was not clear; 1 + indicated that the RV free wall was visible, but its RI activity was weaker than that of the LV free wall; 2+ indicated that the RV free wall RI activity was equal to that of the LV free wall; and 3 + indicated the RV free wall RI activity was stronger than that of the LV free wall ( fig. 1 ).
Morphologic characteristics of the myocardial image were studied.
Results

Myocardial Imaging and Hemodynamics
First, we studied the correlation between the RV free wall RI activity determined from myocardial imaging and hemodynamic indexes of pressure overload. Fourteen cases with pure volume overload or atrial septal defect (ASD) were not included in this part of the study.
There was no significant difference in heart rate among groups (table 2). RV systolic pressure was normal (< 30 mm Hg) in all but one among those in the group in which the RV free wall was not clear. The LV RV LV RV systolic pressure was abnormally high (. 30 mm Hg) among those of the 1 + group, 2+ group and 3+ group except for two of the 1+ patients who had mitral stenosis. A significant difference was seen among each group except between the 2+ and 3+ groups (table 2). The relation between pulmonary arterial mean pressure and RV visualization showed similar results (table 2) . RV end-diastolic pressure was less than 6 mm Hg in the (-) group except for one patient with mitral stenosis. Among the 30 cases in whom the RV free wall was visualized, 19 cases showed an abnormally high RV end-diastolic pressure. All cases but one with mitral stenosis in whom the RV free wall was visualized had an abnormally raised total pulmonary vascular resistance ( fig.  2 ). There was no difference in the cardiac index among the groups (table 2). The groups in which the RV free wall was visualized tended to have a higher RV stroke work index than the (-) group (table 2). There were no group differences in the LV stroke work index (table 2). Cases of volume overload due to ASD were also studied. The RV free wall was visualized in all patients with ASD. The 2+ group had a significantly higher pulmonary-to-systemic flow ratio (Qp/Qs) than the 1 + group, although no significant difference was seen in the RV systolic pressures between the two groups ( fig. 3 ).
Morphologic Characteristics of the Myocardial Image
In 50% of the cases with mitral stenosis, the interventricular septum appeared straight, with its axis tilting to the left (table 3) The groups with fewer than five cases are not used for the t test.
A:B, A:D, B:C, and C:D = comparison of mean values (p values) between groups; NS = not significant. Si systolic pressures than those with convex interventricular septum, although the difference was not statistically significant (46.9 mm Hg vs 36.9 mm Hg; p > 0.05). The RV free wall visualization was grade 1+ intensity in 78.9% of the cases. Among the cases with pulmonic stenosis, the interventricular septum appeared vertical and the RV cavity tended to appear small ( fig. 1 ). In cases with Eisenmenger's complex due to a ventricular septal defect, the RV free wall was visualized at a high degree and the interventricular septum appeared straight ( fig. 4 ). In cases with primary pulmonary hypertension, the interventricular septum appeared straight, with its axis tilting to the left. The RV free wall wall was visualized at a high degree, and the RV cavity appeared dilated compared with the LV cavity (fig. 1 ). In cases with chronic cor pulmonale, the interventricular septum appeared straight. Figure 4 is illustrative of a patient with a markedly abnormal RV systolic pressure (> 60 mm Hg) with RV cavity dilatation. In contrast, the group with volume overload due to ASD showed a moderate-grade visualization of the RV free wall, conspicuous enlargement of the RV pressure and volume overload. The RV free wall best shown in the left lateral projection revealed an enlarged RV cavity and a straight-looking interventricular septum ( fig. 4) . 
(3+)
Right Ventricular RI Activity the right ventricle leads to the development of RV hypertrophy. ECG criteria for RV hypertrophy according to Sokolow and Lyon were compared with the RV free wall RI activity ( fig. 5, table 4 ). Whereas not a single criterion was met by any of the cases of the (-) group, the numnber of criteria met for RV hypertrophy increased with higher grades of RV free wall visualization. Four subjects with mitral stenosis in the 1+ group did not meet any of the ECG criteria.
In view of the correlation between hemodynamic values and myocardial imaging and between hemodynamics and ECG, we also studied the sensitivity of myocardial imaging and ECG criteria in diagnosing chronic RV pressure overload. Because all cases were selected in terms of RV overload, except for the five controls, with normal hemodynamics, we did not study the specificity of the RV overload. In previous studies3 we showed that the specificity of thallium-201 myocardial imaging was 88.9%, compared with 41.7% by ECG. RV pressure overload was defined as RV systolic pressure 30 mm Hg. Among patients with RV pressure overload, those with a positive image in the RV free wall or criteria for RV hypertrophy on the ECG were classified as true positive and those without these findings were classified as false negative. Sensitivity was calculated as true positive divided by true positive plus false negative. Therefore, the sensitivity of myocardial imaging for diagnosis of RV pressure overloading was greater (93.3%) than that of ECG criteria for RV hypertrophy. On the other hand, the sensitivity of Sokolow and Lyon's criteria was 81.0% even if any one of the criteria were met. Discussion The degree of RV free wall visualization by myocardial imaging correlated well with hemodynamic indices of RV pressure overload. Because increased afterload of the right ventricle requires greater RV work and results in myocardial hypertrophy and increased oxygen demand, coronary blood flow to the right ventricle increases. The increased coronary blood flow results in enhanced thallium-201 uptake by the myocardium. Therefore, RV visualization depends on the relative RV dominance over the left ventricle in coronary blood flow and myocardial mass, because the total for each image was set at 500,000 counts. Predominant LV disease may mask the coexistence of RV overload. In cases with RV visualization, the elevated RV end-diastolic pressure might reflect a change in either RV compliance or filling volume. Several investigators have studied the effect of increased heart rate for RV free wall visualization." 3 13 Our preliminary study showed that an increase in heart rate of > 120 beats/min by temporary pacemaker made the RV free wall visible in two of eight cases. Therefore, cases with increased heart rate were excluded. Among patients with ASD, the degree of the RI activity in the RV free wall was related only to the extent of the volume overload of the right ventricle. The RV free wall remained visible after surgical correction of ASD.4 This finding might be related to resistance of increased myocardial mass, because the elimination of volume overload should have decreased coronary blood flow and ventricular work.
Pressure and volume overload could be differentiated from the morphologic characteristics of the myocardial image (table 3) . With pressure overload the interventricular septum appeared straight. The image was assumed to show the decreased curvature of interventricular septum. In postmortem studies,'4 the interventricular septa in RV hypertrophy showed curvature variations; in some cases the direction of curvature in one or the other plane was reversed so that the septum formed a component of the right ventricle. Using a canine heart model, Bemis et al.15 suggested that an increase in RV pressure stiffened or buttressed the interventricular septum. In our patients with RV pressure overload, the interventricular septum appeared straight. Such straight images were not seen in half the cases with mitral stenosis, presumably because pressure load was slight. RV pressure overload in mitral stenosis was mild compared with other diseases with RV pressure overload. In patients with volume overload the RV cavity appeared to be dilated and the interventricular septum convex to the right ventricle, as in normal cases. In cases with both pressure and volume overload, a straight-looking interventricular septum was observed.
The sensitivity of myocardial imaging for diagnosis of RV pressure overload was better than that of the ECG. Differences in sensitivity were attributed to the fact that myocardial imaging reflects the changes in both the coronary blood flow and myocardial mass, in contrast to ECG criteria, which were determined on the basis of pathologic findings alone. The ECG criteria for RV hypertrophy were neither sensitive nor specific, especially in patients with mild-to-moderate pressure overload, as occurs in mitral stenosis. In this series the sensitivity of Sokolow and Lyon's criteria was as high as 81%; however, these criteria yielded several false-positive diagnoses. Nevertheless, the degree of RV free wall visualization by myocardial imaging was correlated with the number of ECG criteria for RV hypertrophy that were fulfilled.
